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Neural elements in dental pulp and dentin
Abstract
This article addresses the structural and quantitative aspects of human tooth innervation and briefly
considers the functions and clinical relevance of tooth axons. The classification of peripheral axons, the
pulpal and dentinal innervation, and the theories of dentin sensitivity are discussed. Quantitative studies
on tooth innervation are also reviewed. Human premolars receive about 2300 axons at the root-apex of
which about 13% are myelinated and 87% are nonmyelinated fibers. Most apical myelinated axons are
fast-conducting A delta-fibers with their receptive fields located at the pulpal periphery and inner dentin.
These fibers are probably activated by a hydrodynamic mechanism and conduct impulses that are
perceived as a short well-localized sharp pain. Most C-fibers are slow-conducting fine sensory afferents
with their receptive fields located in the pulp and transmit impulses that are experienced as dull poorly
localized and lingering pain. In addition to the nociceptive alarm signaling, the intradental sensory axons
may play a regulatory role in the maintenance and repair of the pulpodentinal complex.
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In the second century AD, Galen described the 
tr igeminal nerve as the third cranial nerve.1 No fur- 
ther progress was achieved uring the next 1600 years 
in our understanding of the nelwe supply to the teeth. 
The tr igeminal nerve, today known as the fifth (V) 
cranial nerve, mediates all sensory impulses from the 
teeth to the central nervous system. The maxi l lary di- 
vis ion (V2) supplies the upper teeth as the superior 
alveolar nerves. The mandibular  nerve (V3) divides 
into the buccal,  l ingual, and inferior alveolar nerves. 
The latter, passing through the mandibular  canal, 
supply all the lower teeth. However,  the incisors ~ and 
the lower molars 3 receive supplemental nerve fibers 
f rom branches of  the mylohyoid  nerve. The lingual, 
buccal, and auriculotemporal  nerves are also shown 
to provide l imited innervation to the teeth. 3-6 Trans- 
median crossover is an important supplementary 
source of  innervation to the canines and the inc isors]  
The latter are bel ieved to cause common failures of 
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l ane  I. Classif ication of mammal ian  erve fibers 
Type Diameter Speed Function 
Ac~ 12-22/am 70-120 m/s Motor: propfioception 
-[3 5-12 ~m 30-70 m/s Sensory: touch pressure 
--/ 3-6/am 15-30 m/s Motor: muscle spindles 
-8 2-5/am 12-30 m/ Sensory: sharp pain 
B <3/am 3-15 m/s Preganglionic autonomic 
C <2/am 0.5-2 m/s Sensory: dull pain 
Postganglionic autonomic 
anesthesia in cl inical dentistry. An understanding of
these supplemental  innervations is important to 
achieve complete dental anesthesia in some patients. 
CLASSIFICATION OF PERIPHERAL NERVE FIBERS 
The conduction velocity of  nerve fibers is a func- 
tion of the axon diameterS; one of  the classif ications 
of peripheral axons (Table I) is based on this 
relationship. The group A and B fibers are myeli-  
nated, and their respective diameters include the 
thickness of  myel in  sheaths. Group A is subdivided 
into c~, [3, % and ~ fibers in descending order of size, 
Group Care  the smallest, nonmyel inated axons. As 
the process of  conduction is different in nonmyel i -  
nated and myel inated axons, 9 the mathematical  rela- 
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Fig. 1. Transmission electron micrographic montage of intraradicular bundle of nerve fibers contains both 
myelinated (AN) and nonmyelinated (CN) axons. Note absence of perineurium around axon bundle. Rect- 
angular demarcated area is magnified in F g. 2.(FI, fibroblasts; SC, Schwann cells.) (Original magnification 
x6800.) 
tionship between the diameter and the velocity are 
not the same in both groups. In nonmyelinated axons 
the impulses move along the axons in the form of 
waves by what is known as continuous conduction, 
whereas the signals in myelinated fibers are trans- 
mitted as saltatory conduction 1~ in which the im- 
pulses jump from node of Ranvier to node of Ranvier 
(the Latin saltare means to leap). As a result, the 
velocity of signal conduction in myelinated fibers 
increases in direct proportion to the diameter of 
the fibers, u whereas the increase in conduction 
velocity in nonmyelinated fibers is roughly pro- 
portional to the square root of the axonal diameter. 9 
Only the smallest of group A (mostly A~ and few -[3, 
Fig. 1) and group C fibers (Fig. 2) innervate human 
teeth. 
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Fig. 2. Magnified view of rectangular block in Fig. 1 shows fine structural details of nonmyelinated nerve 
fibers (CN) distributed among the myelinated axons (AN), Note wide variation in size of nonmyelinated ax- 
ons. (SC, Schwann cells.) (Original magnification xl 1,500.) 
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PULPAL INNERVATION 
Nerve fibers enter teeth via apical foramina in the 
form of bundles. 12 Unlike other peripheral nerves, the 
intradental nerves are devoid of perineuriems13; 
therefore the term fascicles is not generally used to 
describe tooth nerves. It probably was Arwil154 who 
first demonstrated the ultrastructure of both myeli- 
nated and nonmyelinated axons in human teeth. The 
axons are believed to pass through the root canal and 
arborize coronally to form the subodontoblastic plexus 
of Rashkow.55 
DENTINAL INNFRVATION 
It is now generally accepted that the dentin is in- 
nervatedJ 6 However, the question as to whether the 
nerve fibers end at the inner dentin or extend up to the 
outer dentin still is unresolved. The axons leave the 
plexus of Rashkow, 15 lose the myelin sheath, pass 
between the odontoblasts, and some of them reach the 
inner dentin as nonmyelinated axons. 17 These fibers 
are frequently found in the dentin surrounding pulpal 
horns, and their number declines toward the tooth 
apex.56, 58 With the use of the axonal transport tech- 
nique, Byers and Dong 58 found nerve fibers in more 
than 50% of the tubules in inner cuspal dentin of 
monkey teeth. Dense innervation was also reported 
for the inner coronal dentin of rat molars 59 and feline 
teeth. 2~ Although the autoradiographic studies 
clearly demonstrated the presence of nerve fibers in 
the inner third of the mammalian dentin, they also re- 
vealed that various types of dentin and regions within 
are not uniformly innervated. Byers 17 states: "the in- 
nervation of tubular dentin (orthodentin) is graded, 
with the greatest innervation adjacent to the tip of the 
pulp horn . . ,  and fewest in the dentin of roots." In- 
terradicular and tertiary dentin is believed to be 
noninnervated. For obvious reasons the axonal trans- 
port technique cannot be used to study human tooth 
innervation. Transmission electron microscopy con- 
vincingly revealed the presence of intradentinal nerve 
fibers in animal 22' 23 and human 24-26 coronal dentin. 
On the basis of these findings, it is believed that the 
coronal dentin is probably more densely innervated in
order to register external stimuli to which the crown 
is exposed after tooth eruption. Alternatively, healthy 
root dentin that is protected in a bony socket from 
external stimuli is believed to be only sparsely inner- 
vated. However, an ultrastructural study on human 
third molars 27 showed the presence of nerve fibers in 
the radicular predentin. A recent electron microscopic 
study 28 showed numerous nerve fibers in predentin 
and few (but indisputable) axons in mineralized hu- 
man root dentin (Fig. 3). Dense innervation of radic- 
ular predentin was also reported in a most recent im- 
munoelectron-microscopic labeling study. 29 Such ul- 
trastructural evidence clearly disagrees with the 
conclusions reached earlier on the basis of autoradio- 
graphic findings 17 that the radicular dentin is not or 
is only sparsely innervated. 
It has long been debated whether the nerve fibers 
extend to the dentoenamel/cementum junction. Most 
currently available evidence suggests that axons do 
not traverse a distance beyond 0.2 mm into the coro- 
nal 17 and radicular dentin. 28 However, Fleche La et 
al. 3~ believed that they had found nerve fibers in 
"coronal dentinal tubules located near the dento- 
enamel junction." However, it should be pointed out 
that (1) their only high magnification electron micro- 
graph (x90,000) was not supported by overview pic- 
tures of lesser magnifications, (2) the outer leaflets of 
the plasma membranes of the odontoblastic process 
and a neighboring structure designated as a nerve 
fibril did show continuity, and (3) no ultrastructural 
differences could be discerned between the odonto- 
blastic process and the supposed nerve fiber, thereby 
suggesting that the latter was more likely to be a col- 
lateral branch of the odontoblastic process than a 
nerve fiber. 
THEORIES OF DENTIN SENSITIVITY 
Dentin is one of the most sensitive tissues, sug- 
gesting a rich innervation. However, no nerve fibers 
have yet been unequivocally demonstrated in middle 
and outer dentin. Therefore the pathways of activation 
of sensory nerve fibers located in inner dentin or pul- 
pal periphery have been the subject of debate for sev- 
eral decades, which has lead to the evolution of three 
theories. 
The conduction theory proposes that the nerve 
endings in dentinal tubules are directly activated by 
external stimuli. This view rests on the still unsub- 
stantiated assumption that the nerve fibers extend to 
the dentinoenamel/cementum junction. The theory is 
further eroded by the clinical observation that appli- 
cation of local anesthetics to cut and exposed entin 
does not block the pain sensation 31 and chemical 
stimuli by pain-inducing agents has not been found to 
cause pain. 32 
The transduction theory postulates that the odon- 
toblastic processes mediate external stimuli to the 
nerve endings located in the peripheral pulp. How- 
ever, synaptic contacts between odontoblastic pro- 
cesses and axons have not been demonstrated. On the 
basis of early electron microscopic observations, 
Frank 33 suggested the existence of junctional com- 
plexes between the odontoblastic processes and the 
nerve fibers; Byers 17 and Holland 34 concluded that no 
synapses or tight or gap junctions exist between them. 
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Fig. 3. Nerve fibers (NF) in mineralized dentin (A) and in outer predentin (B) with magnifications in left 
and right insets respectively. (OB, ododotoblasts; NU, nucleus; OP, odontoblastic process; MD, mineral- 
ized dentin; PD, predentin.) (Original magnification x5960; B, 8'850; insets: in A, x14,900; in B, x12,800.) 
(From Nair, Schweiz Mschr Zahnmed 1993, 103:965-72. Reprinted with permission.) 
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The hydrodynamic theory 35' 36 suggests that nerve 
impulses are initiated by fluid movement within the 
dentinal tubules as a consequence of external stimuli. 
Dentinal tubules contain tissue fluid diffusing from 
the pulp that under normal physiologic onditions 
flows slowly outward. 37, 38 If this fluid moves rapidly 
through the dentinal tubules, it is assumed to activate 
the free nerve endings located in the inner dentin and 
around the odontoblasts. Fresh overwhelming evi- 
dence continues to emerge in support of the hydrody- 
namic mechanism. 39It only remains to be demon- 
strated in vivo that intratubular fluid movement 
occurs in response to the application of various noci- 
ceptive stimuli to confirm the hydrodynamic theory 
as a physiologic fact. 
QUANTITATIVE STUDIES 
Quantitative studies on various classes of intraden- 
tal nerve fibers are scarce. The available data relate 
mostly to rodent, 4~ feline, 41-43 canine, 44' 45 bovine,44 
and simian 46 teeth. Similar data on human intraden- 
tal nerve fibers are extremely rare. 47-50 
Number of myelinated axons 
There are five studies in which myelinated axons 
of human teeth have been quantified and that provide 
data on human permanent anterior teeth. Similar data 
are still unavailable on human molars. The pioneer- 
ing light microscopic work of Graf and Bj6rlin 47 was 
on limited numbers of incisors, canines, and premo- 
lars. They reported 991 (n = 1) myelinated axons at 
the apex of a left maxillary central incisor, 536 • 245 
(n = 4) for maxillary lateral incisors, 600 • 447 
(n = 4) for maxillary canines, and 581 • 503 (n = 3) 
for assorted premolars. Johnsen and Johns 48 reported 
359 ___ 46 (n = 7) for assorted permanent incisors and 
361 _+ 82 (n = 13) for unspecified permanent canines. 
Reader and Foreman 49 found an average of 256 my- 
elinated axons in four young premolars. 
Johnsen et al. 5~ studied 49 human mandibular first 
premolars from subjects ranging from 11 to 71 years 
of age. They divided their subjects into younger (<15 
years) and elder (15 years or older) groups. The 
youngersubjectshadanaverageof305 • 125 (n = 25) 
apical myelinated axons compared with 500 • 153 
(n = 24) for the elder group. This would imply that 
about 40% of the myelinated axons found in adult 
human mandibular premolars grow into the teeth af- 
ter the subjects have attained 15 years of age. But 
there is only very low positive correlation 5abetween 
the number of apical myelinated axons and the age of 
the subject concerned. Nerves are believed to grow 
into permanent human teeth between the ages of 10 
to 15 years. It is widely known that the root canal in 
general and the apical third in particular gets much 
Table II. Number (2• s) of intraradicular nerve 
fibers at the juxta-apical level of human premolars 
Myelinated* Nonmyelinated~" 
Tooth type 2 +- s (n) 2 +- s (n) 
Maxil lary 4 340 +- 186 (20) 2684 +_ 980 (6) 
Maxil lary 5 244 _+ 68 (3) 
Mandibular 4 280 +- 129 (22) 1569 --- 600 (5) 
Mandibular 5 317 --- 153 (22) 1609 +-+- 1023 (5) 
Overall 312 -+ 149 (67) 2000 -+ 1023 (16) 
*Data summarized from Nair et al. (1992). 51 
tData summarized from Nair and Schroeder (1995). 5z 
(n) the number of teeth involved. 
narrower after 15 years of age. If the radicular pulpal 
specimens are gained by cracking the teeth and dis- 
secting the soft tissue as was done in the study, there 
is every likelihood that such specimens from older 
teeth could be unintentionally retrieved more coro- 
nally. This is where the canals are usually wider and 
easier to dissect but carry a significantly higher num- 
ber of nerve fibers because of intraradicular branch- 
ing of axons. 51 
Taking those sampling aspects into consideration 
it was attempted 51 to obtain statistically reliable 
tooth-specific and site-specific data on the number 
of intraradicular myelinated axons of human pre- 
molars. From a total of 67 healthy adolescent premo- 
lars, the myelinated axons (Fig. 1) were counted 
from three standardized horizontal radicular levels, 
namely the juxta-apical, midroot, and subcervical 
levels. The 67 teeth had an average of 312 _+ 149 
myelinated nerve fibers at the juxta-apical level (Ta- 
ble II) within a range of 18 to 728 axons. The 
contralateral and ipsilateral differences in means 
among the four groups of premolars were not signif- 
icant (!7 < 0.05). 
Number of nonmyelinated axons 
There are four quantitative studies on nonmyeli- 
hated nerve fibers of human teeth. 47, 49, 50, 52 The early 
work of Graf and Bj6rlin 47 used a light microscope 
that cannot adequately resolve the majority of non- 
myelinated axons. Therefore it is not surprising that 
they found fewer nonmyelinated nerve fibers than 
myelinated axons. Reader and Foreman 49 used elec- 
tron microscopy and found an average of 670 non- 
myelinated axons in each of four premolars of an ad- 
olescent. Johnsen et al. 5~ reported an average of 
1478 ___ 626 nonmyelinated axons in subjects below 
15 yearsof age and 1830 • 1020 in subjects above 15 
years with no statistically significant difference. Most 
recently Nair and Schroeder 52 determined the number 
of nonmyelinated axons by counting fibers that could 
be located and reconstructed by standardized com- 
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Fig. 4. Relative increase in number of myelinated axons at midroot and subcervical levels to those at jux- 
ta-apical level of human premolars. Number of myelinated axons increase substantially during intraradic- 
ular passage. (From Nair et al. Anat Embryol 1992. 186:563-71. Reprinted with permission.) 
posite electron micrographs from the juxta-apical 
level of healthy human premolars (Table II). The 16 
teeth investigated had an average of 2000 _ 1023 
nonmyelinated axons (range, 534 to 3912). On the 
basis of statistically larger studies, 5~ 52 it is reason- 
able to conclude that human premolar eceive about 
2000 nonmyelinated axons at the tooth apex. 
Intraradicular arborization of axons 
Very little is known about intraradicular b anching 
of tooth axons. It is generally assumed that the axons 
pass coronally and undergo little branching in the root 
canal. 53 The principle site of arborization of tooth ax- 
ons is believed to be the crown. 17 However, recent 
studies28, 29 show that radicular dentin is more densely 
innervated than was previously believed (Fig. 3). It 
has recently been shown 51 that the myelinated axons 
branch profusely during intraradicular passage (Fig. 
4). Similar data on nonmyelinated axons are unavail- 
able. 
Fiber-size 
It is now generally accepted that the great majority 
(>93% 51) of apical myelinated axons of human 
teethS0, 51 are AS fibers that show a unimodel distri- 
bution in fiber sizes. Only a minor fraction (<7% 51) 
of the axons are in the A[3 range but do not form a 
distinct group. These larger axons represent an 
extended tail of a slightly left-skewed AS distribution 
(Fig. 5, A). The nonmyelinated C fibers are much 
smaller and have an overall average diameter of 0.5 
~tm. 52 However, the frequency distribution of the fi- 
ber sizes reveal a distinctly left-skewed curve peak- 
ing around 0.25 ~tm and an overextended tail stretch- 
ing beyond 2 tam (Fig. 5, B). 
Sympathetic nnervation 
Intradental nonmyelinated axons are a mixture of 
sensory and autonomous ympathetic fibers. His- 
tochemical studies 54-56 have established the presence 
of sympathetic nnervation around pulpal blood ves- 
sels in mammalian teeth. However, quantitative data 
on the relative proportion of these two classes of 
nonmyelinated fibers are still unavailable. Some lim- 
ited deductions can be drawn from the unilateral 
sympathectomy on cat canine teeth. 4e It was esti- 
mated that 5% to 13% of all nonmyelinated axons of 
feline mandibular canine teeth are sympathetic fibers. 
FUNCTIONAL SIGNIFICANCE AND CLINICAL 
RELEVANCE 
Recently Figdor 31 reviewed the neurophysiologic 
advances of tooth sensitivity and their relevance to 
clinical dentistry. Only 13% of the nerve fibers that 
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enter human premolars are myelinated (Table II); 
93% are AS-fibers and the remaining 7% are Al3-fi- 
bers. 51 Although Al3-fibers reportedly have a propri- 
oceptive character, 57they are considered to be func- 
tionally similar to AS-fibers. 58 Therefore all myeli- 
nated axons entering human teeth are considered as 
sensory afferents with their receptive field located at 
the pulp/dentin interface and the inner dentin. The 
free endings of these nerve fibers located around the 
odontoblastic body and the inner dentin are probably 
activated by the hydrodynamic mechanism 35, 36 in 
which the sudden movements of fluid within dentinal 
tubules arising out of thermal, traumatic, and osmotic 
stimuli cause an initial, short latent, well-localized, 
and sharp pain. Such activation occurs during thera- 
peutic interventions such as drilling and air-blasting 
of dentin or consumption of sweet and sour foods by 
patients with open dentinal tubules. 
About 87% of all axons that enter human premo- 
lars are nonmyelinated C fibers. 52 The great majority 
of them are believed to be sensory afferents. How- 
ever, they are slow conductors with the receptive field 
located in the pulp. These axons are activated by in- 
flammatory mediators, prolonged application of heat, 
and other noxious injuries to the pulpal tissue. Such 
stimuli arising out of the pulp are clinically difficult 
to localize and are perceived as a slow, dull, and 
long-lasting toothache. The nonmyelinated fibers are 
also known to be very much resistant to tissue anox- 
ia58, 59 that enables them to conduct nociceptive im- 
pulses even when the pulp tissue is damaged and the 
myelinated axons are out of commision as a result of 
anoxic conditions. The ability of these nerve fibers to 
survive and function under such conditions would 
explain the clinical enigma of teeth that do not 
respond to cold carbon dioxide testing (-79~ but 
evince undeniable pain to endodontic instrumenta- 
tion. 31 
Regulatory role. Tooth axons arborize extensively 
in the coronal pulp. 6~ The inner dentinal wall of hu- 
man tooth/crown has an estimated ensity of 50,000 
to 80,000 tubules per mm2. 61 The dentin is innervated 
with the highest density believed to be around pulpal 
horns where nearly 50% of the tubules contain neural 
elements. 18 This implies that the finite number of 
myelinated axons entering the human tooth apex 5~ 51 
probably arborize into a large number of thin nerve 
fibers at the pulpodentinal junction in the crown. 
Defense against injury has both biologic and evo- 
lutionary importance. However "vast numbers of 
(nerve) fibers are not required for detecting injury, as 
evidenced by the effectiveness of small numbers of 
testicular afferents in signaling pain. ''62 Therefore 
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Fig. 5. Frequency distribution curves of diameter spectra 
of myelinated axons (axon + myelin sheath) at the juxta- 
apical evel of seven second mandibular human premolars 
(finer lines). Two similar curves in broken lines represent 
contralateral teeth from the same subject. Curve drawn in 
thick line represents all individuals. (From Nair et al. Anat 
Embryol 1992.186:563-71. Reprinted with permission.) B, 
Diameter spectra of nonmyelinated axons at juxta-apical 
level of three human premolars. Thick line curve represents 
all individuals. Left skewed distribution shows more than 
68% of all axons falling below 0.5 lam (From Nair and 
Schroeder. Anat Embryol 1995;192:35-41. Reprinted with 
permission.) 
explain the presence of the vast number of tooth af- 
ferents. Stimulation of sensory endings not only 
results in orthodromic passage of impulses toward the 
central nervous system but also evokes antidromic 
volleys of action potentials along the peripheral 
branches (axon reflex63), leading to the release of bi- 
ologically active neuropeptides. 64,65 Such intradental 
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pept iderg ic  nerve  f ibers are shown to regulate micro-  
c i rculat ion,  66 med ia te  in f lammat ion ,  67and are c lose ly  
assoc iated wi th  areas o f  tertiarY dent in  format ion.  68 
There fore  in addi t ion to the vital role o f  noc icept ive  
a larm signal ing,  the sensory  axons o f  mammal ian  
teeth may also be invo lved  in the regulat ion of  phys-  
io logic  ma intenance  and repair  o f  pulpal  and dent inal  
t issues. 69 
In conc lus ion ,  much of  the recent  advances  in the 
neuroanatomy and phys io logy  o f  tooth innervat ion  
have been  benef ic ia l  to pat ient  care as they enhance  
the c l in ic ian 's  abi l i ty to d iagnose  and treat tooth pain  
in a rat ional  way.  Never the less ,  it still remains  to be 
exp la ined  why  the human tooth is equ ipped with  such 
a vast  number  o f  sensory  nerve  f ibers. 
I am indebted to Mrs. Esther Keller for excellent tech- 
nical assistance and to Dr. David Figdor, Melbourne, Aus- 
tralia, and Dr. Patrick Sequeira, Chain, Switzerland for 
critical reading of this manuscript. 
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